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ABSTRACT
The broadband X-ray spectra of active galactic nuclei (AGNs) contains information about
the nuclear environment from Schwarzschild radii scales (where the primary power-law is
generated in a corona) to distances of ∼ 1 pc (where the distant reflector may be located). In
addition, the average shape of the X-ray spectrum is an important input into X-ray background
synthesis models. Here, local (z ≈ 0) AGN luminosity functions (LFs) in five energy bands
are used as a low-resolution, luminosity-dependent X-ray spectrometer in order to constrain
the average AGN X-ray spectrum between 0.5 and 200 keV. The 15–55 keV LF measured
by Swift-BAT is assumed to be the best determination of the local LF, and then a spectral
model is varied to determine the best fit to the 0.5–2 keV, 2–10 keV, 3–20 keV and 14–
195 keV LFs. The spectral model consists of a Gaussian distribution of power-laws with a
mean photon-index 〈Γ〉 and cutoff energyEcut, as well as contributions from distant and disc
reflection. The reflection strength is parameterised by varying the Fe abundance relative to
solar, AFe, and requiring a specific Fe Kα equivalent width (EW). In this way, the presence
of the X-ray Baldwin effect can be tested. The spectral model that best fits the four LFs has
〈Γ〉 = 1.85± 0.15, Ecut = 270
+170
−80 keV, AFe = 0.3
+0.3
−0.15 (90% C.L.). The sub-solar AFe is
unlikely to be a true measure of the gas-phase metallicity, but indicates the presence of strong
reflection given the assumed Fe Kα EW. Indeed, parameterising the reflection strength with
theR parameter givesR = 1.7+1.7
−0.85. There is moderate evidence for no X-ray Baldwin effect.
Accretion disc reflection is included in the best fit model, but it is relatively weak (broad iron
Kα EW< 100 eV) and does not significantly affect any of the conclusions. A critical result of
our procedure is that the shape of the local 2–10 keV LF measured by HEAO-1 and MAXI is
incompatible with the LFs measured in the hard X-rays by Swift-BAT and RXTE. We therefore
present a new determination of the local 2–10 keV LF that is consistent with all other energy
bands, as well as the de-evolved 2–10 keV LF estimated from the XMM-Newton Hard Bright
Survey. This new LF should be used to revise current measurements of the evolving AGN LF
in the 2–10 keV band. Finally, the suggested absence of the X-ray Baldwin effect points to a
possible origin for the distant reflector in dusty gas not associated with the AGN obscuring
medium. This may be the same material that produces the compact 12µm source in local
AGNs.
Key words: galaxies: Seyfert — quasars: general — galaxies: active — surveys — X-rays:
galaxies
1 INTRODUCTION
The X-ray spectra of active galactic nuclei (AGNs) span
nearly three decades in energy and are comprised of many
separate components: a power-law with a high energy cut-
off (e.g., Mushotzky, Done & Pounds 1993; Nandra & Pounds
1994; Reeves & Turner 2000; Zdziarski, Poutanen & Johnson
2000; Matt 2001; Molina, Malizia & Bassani 2006;
Molina et al. 2009; Winter et al. 2009; de Rosa et al. 2012;
⋆ david.ballantyne@physics.gatech.edu
Rivers, Markowitz & Rothschild 2013; Vasudevan et al. 2013a),
reflection from both distant material and the accretion disc
(e.g., Pounds et al. 1990; Nandra & Pounds 1994; Tanaka et al.
1995; Fabian et al. 2002; Nandra et al. 1997, 2007; Ballantyne
2010; de la Calle Pe´rez et al. 2010; Shu, Yaqoob & Wang 2010;
Patrick et al. 2012; Ricci et al. 2013) and, in many cases, a
soft excess and/or a warm absorber (e.g., Turner & Pounds
1989; Reynolds 1997; Perola et al. 2002; Blustin et al. 2005;
Crummy et al. 2006; Scott et al. 2011; Scott, Stewart & Mateos
2012; Tombesi et al. 2013). The variability properties of the X-ray
emission indicate that it is generated from very close to the black
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hole (. 10–20 rg , where rg = GM/c2 is the gravitational
radius of a black hole with mass M ; e.g., Grandi et al. 1992;
McHardy et al. 2006; Uttley 2007; Zoghbi et al. 2013), a size scale
so small that the physics of the region can only be investigated
by spectroscopy. For example, the slope and cutoff energy of
the primary power-law is related to the temperature and optical
depth of the Comptonizing corona (e.g., Zdziarski et al. 2000;
Petrucci et al. 2001; Molina et al. 2009), and the disc reflection
features can probe the space-time of the central black hole and the
physical state of the underlying accretion flow (e.g., Fabian et al.
1989; Laor 1991; Brenneman & Reynolds 2006, 2009; Miller
2007; Reynolds & Fabian 2008; Ballantyne, McDuffie & Rusin
2011). High quality broadband measurements of the X-ray AGNs
are therefore crucial to understanding the physics of the central
accretion disc (e.g., Risaliti et al. 2013).
In addition to the study of individual objects, studying how
the spectral properties of AGNs vary as a function of luminosity
and/or redshift may give potentially valuable insights into the evo-
lution of AGNs and the unified model. Current survey results indi-
cate that the X-ray coronal properties seem to be most dependent on
the Eddington ratio and not on the cosmic epoch (Shemmer et al.
2006; Risaliti, Young & Elvis 2009; Brightman et al. 2013). How-
ever, distant reflection, as measured from the equivalent width
(EW) of the narrow Fe Kα line, has shown evidence for a inverse
dependence on the X-ray luminosity (e.g., Iwasawa & Taniguchi
1993; Bianchi et al. 2007; Shu et al. 2010; Ricci et al. 2013). This
effect, if real (Shu et al. 2012), would then be providing a clue on
how the distant, potentially Compton-thick material around AGNs
is dependent on the central engine, with clear implications for the
AGN unified model (Ricci et al. 2013).
The broadband spectral shape of AGNs is also a
key ingredient for X-ray background (XRB) models (e.g.,
Gilli, Comastri & Hasinger 2007; Treister, Urry & Virani 2009;
Ballantyne et al. 2011; Akylas et al. 2012). It is now known that
the XRB between ≈ 2–200 keV is comprised of the integrated
observed emission of AGNs across all z and X-ray luminosi-
ties. Therefore, modeling the XRB requires knowledge of the
broadband spectral shape of AGNs, and how it may change with
luminosity and redshift. Uncertainty in the spectral shape, in
particular the high-energy cutoff and reflection strength, translates
directly into uncertainty in the Compton-thick AGN fractions that
are derived from fitting the peak of the XRB spectrum at ≈ 20–
30 keV (Akylas et al. 2012). Currently, all XRB models assume
a spectral shape with some authors accounting for the observed
distribution of photon indices and the apparent decline of reflection
strength with luminosity (Gilli et al. 2007; Ballantyne et al. 2011).
Aside from a small number of bright sources observed with
BeppoSAX (Matt 2001), the full energy range of AGN spectra has
only been studied by combining observations from different X-ray
telescopes that can only focus on a small part of the entire spec-
trum (e.g., de Rosa et al. 2012; Vasudevan, Mushotzky & Gandhi
2013b). This approach must deal with the cross-calibration of dif-
ferent instruments and the fact that the various observations are of-
ten not performed simultaneously, making the resulting spectrum
susceptible to the effects of spectral variability. As a result, while
catalogues of the spectral properties of hundreds of AGNs have
been published (e.g., Brightman & Nandra 2011; Scott et al. 2011;
Rivers et al. 2013; Vasudevan et al. 2013a), these results are often
isolated from one another and a clear picture of the broadband spec-
tral properties of AGNs remains elusive. In this paper, we present
a novel approach to measure the average 0.5–200 keV spectrum of
local AGNs by using the AGN luminosity function (LF) in four en-
ergy bands as a low resolution, luminosity-dependent spectrometer.
The advantage of using the LFs in this way is that instrumental and
(in some cases) absorption effects have been removed. The LFs are
also constructed from observations of many AGNs over timescales
& 1 year, mitigating the effects of variability. Thus, finding the
spectral model that can simultaneously fit the AGN LF from 0.5 to
≈ 200 keV will provide a relatively unbiased view of the average
z ∼ 0 spectral shape.
In the next section, the methodology, LFs and spectral mod-
els that are used in the calculation are described. The results of
fitting the LFs are discussed in Section 3, in particular the con-
straints on the spectral model. Section 4 compares the results to
previous works, and discusses the implications on XRB modeling
and the origin of the distant reflector. We especially emphasize a
new measurement of the local 2–10 keV LF. Finally, the conclu-
sions of this study are summarized in Sect. 5. If applicable, all
results in this paper make use of the following cosmological pa-
rameters: H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3.
2 CALCULATIONS
2.1 Methodology
Given a broadband AGN X-ray spectral model, LE , and a reference
LF measured in a specific energy band, dΦ/d logLref , then the LF
can be predicted in any other band via
dΦ
d logL
= C(L)
dΦ
d logLref
∆ logLref
∆logL
, (1)
where logL is the luminosity in the new band calculated from in-
tegrating LE . The factor C(L) can be used to convert LFs that
account for the entire AGN population to one that includes only
a subset. As is described below, an C(L) factor is needed when
calculating the 0.5–2 keV LF for unobscured AGNs.
In this study, various forms of LE are considered and
dΦ/d logL is calculated in four widely separated energy bands.
Chi-squared fitting is then used to determine the best fitting spec-
tral model and the error-bars on the associated parameters.
2.2 Local X-ray Luminosity Functions
The following five measurements of the local AGN LF are used to
constrain the average spectral shape of AGNs at z ≈ 0.
•15–55 keV (Ajello et al. 2012)
This LF is derived from the 60 month Swift-BAT survey and con-
sists of 428 AGNs with a median redshift of 0.029. As this LF is
derived from the most recent and least biased survey of Compton-
thin AGNs in the local Universe, it is used as the reference LF for
this study. To ease the comparison with LFs derived from lower-
energy observations, we make use of the LF derived solely from
Compton-thin AGNs (Ajello et al. 2012; Table 5; third row). This
LF is consistent with other measurements of the local LF in similar
energy ranges (e.g., Sazonov et al. 2008).
•0.5–2 keV (Hasinger, Miyaji & Schmidt 2005)
These authors published the local LF for Type 1 (i.e., non-
obscured) AGNs based on 205 AGNs with 0.015 < z . 0.1 from
the ROSAT Bright Survey. As this LF is for only unobscured AGNs,
and the reference 15–55 keV LF includes all Compton-thin AGN,
a Type 1 fraction must be specified in order to compare the pre-
dicted 0.5–2 keV LF to the observed data. Several surveys indi-
cate that this fraction depends strongly on AGN luminosity (e.g.,
c© 2013 RAS, MNRAS 000, 1–11
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Figure 1. The triangles plot the AGN obscured fraction assuming no
Compton-thick sources, f2, versus the 15–55 keV luminosity (Burlon et al.
2011). The solid line shows the fit to these data described by eq. 2. The ob-
scured fractions determined by Brightman & Nandra (2011) are shown as
the solid points. These measurements were made as a function of 2–10 keV
luminosity, but, given the size of the error-bars, they were not converted to
15–55 keV luminosities for this plot.
Ueda et al. 2003; Simpson 2005; Della Ceca et al. 2008; Hasinger
2008; Gandhi et al. 2009; Burlon et al. 2011; Assef et al. 2013).
The triangles in Fig. 1 plot the Type 2 AGN fraction, f2, against
the 15–55 keV luminosity measured by Burlon et al. (2011) from
the 3-year Swift-BAT survey. Here, f2 is defined as the ratio of
Compton-thin AGNs with NH > 1022 cm−2 to the total number
of AGNs with NH < 1024 cm−2 (i.e., no Compton thick objects).
The obscured fraction falls sharply with luminosity at both high
and low luminosity. The effect at high luminosity is often thought
to be a result of radiation pressure eroding the covering factor of
the dusty obscuring material (Lawrence 1991). The significance of
the decrease of f2 at low luminosities is still tentative, but might
indicate that a critical luminosity is needed to produce and sus-
tain a geometrically thick obscuring zone (e.g., Elitzur & Ho 2009;
Mu¨ller-Sa´nchez et al. 2013). The solid line in Fig. 1 plots the fol-
lowing fit to the Burlon et al. (2011) data:
f2 = 0.1 (logL− 40)
3 exp(−0.32(log L− 41)2), (2)
where L is the 15–55 keV luminosity. Using the smallest of the two
error-bars on each f2 data-point gives χ2 = 6.7 for 6 degrees of
freedom (dof). Fig. 1 also shows that the f2 fractions measured by
Brightman & Nandra (2011) from a 12 µm selected sample (solid
points) are in good agreement with the Swift-BAT results and the
best fit model. Eq. 2 is used to calculate the Type 2 AGN fraction
when predicting the Type 1 0.5–2 keV LF (i.e., C(L) = 1− f2).
The Hasinger et al. (2005) LF is based on AGNs identified
as Type 1 via the optical definition (i.e., broad Balmer emission
lines), while the Swift-BAT measurements and eq. 2 follow the
typical X-ray definition (i.e., obscuring line-of-sight column den-
sity NH < 1022 cm−2). Hasinger (2008) argues that the optical
definition of an unobscured AGN corresponds to a lower value of
NH . 3×10
21 cm−2. Therefore,C(L) computed using Eq. 2 must
be corrected for the percentage of AGNs with 3 × 1021 cm−2 .
NH < 10
22 cm−2. The NH distribution measured by Burlon et al.
(2011) is used to make this small (only a 11% reduction) correction.
Finally, Hasinger et al. (2005) corrects the 0.5–2 keV lumi-
nosities of the AGN sample for Galactic extinction, but not for
any small amounts of intrinsic absorption. Thus, all 0.5–2 keV lu-
minosities are predicted for AGN spectra subject to obscuration
with logNH = 20, 20.5 and 21, with weightings given by the
Burlon et al. (2011) NH distribution.
•2–10 keV (Shinozaki et al. 2006; Ueda et al. 2011)
The Shinozaki et al. (2006) LF is constructed from 49 AGNs with
z < 0.4 observed by HEAO-1, while the Ueda et al. (2011) LF
is produced from 37 sources with 0.002 < z < 0.2 detected by
MAXI. Both analyses corrected the 2–10 keV luminosities for ab-
sorption and are sensitive to Compton-thin AGNs. Interestingly,
Ueda et al. (2011) point out a disagreement between the shape
of the derived 2–10 keV LF with the one measured by Swift-
BAT in the 14–195 keV band. These authors suggest that if the
spectral shape of AGNs steepens as luminosity increases then the
LFs can be made to agree. A similar inconsistency between the
Shinozaki et al. (2006) LF and the 3–20 keV LF was discussed by
Della Ceca et al. (2008) who showed that it could not be due to ab-
sorption.
•3–20 keV (Sazonov & Revnivtsev 2004)
This LF was constructed from 76 Compton-thin AGNs detected
by the RXTE Slew Survey. All but 6 sources are at z < 0.1.
Sazonov & Revnivtsev (2004) defined the LF as the number density
per observed luminosity interval, so the Burlon et al. (2011) NH
absorption distribution was applied to our spectral model prior to
calculating the 3–20 keV luminosities when predicting this LF. The
luminosities of the Sazonov & Revnivtsev (2004) LF are increased
by 1.4 to account for an error in the flux conversion (Sazonov et al.
2008).
•14–195 keV (Tueller et al. 2008)
This LF is based on 88 non-beamed AGNs detected in the 9-month
Swift-BAT survey. The AGNs have a median redshift of 0.017.
Given the high energy range of this survey, no absorption correc-
tion was made to the luminosities. Although this LF and the 15–
55 keV LF are not strictly independent, the latter LF is derived from
a much larger dataset in a different energy range by a different anal-
ysis technique. Therefore, we consider these two LFs independent
enough to allow chi-squared fitting.
2.3 Model AGN Spectra
The AGN spectral model consists of a power-law with a photon-
index Γ and a high energy cutoff, Ecut, and one or two re-
flection spectra, denoting distant and accretion disc reflection.
AGNs exhibit a range of Γ that is roughly normally distributed
about some average with a dispersion of σΓ ≈ 0.3 (e.g.,
Brightman & Nandra 2011; Scott et al. 2011; de Rosa et al. 2012;
Vasudevan et al. 2013a). The mean value of this distribution, 〈Γ〉,
is not observed to be correlated with the X-ray luminosity (e.g.,
Brightman et al. 2013). As the LFs are derived from observations
of several AGNs, the spectral model is constructed by Gaussian av-
eraging 11 cutoff power-laws around a central 〈Γ〉 with σΓ = 0.3
and dΓ = 0.1 (i.e., a 〈Γ〉 = 1.9 model includes contributions from
power-laws with Γ = 1.4–2.4; e.g., Gilli et al. 2007). The distribu-
c© 2013 RAS, MNRAS 000, 1–11
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tion ofEcut remains uncertain (e.g., Molina et al. 2009; Ricci et al.
2011), so, for simplicity, all AGNs are assumed to have the same
value of Ecut.
Distant reflection is modeled using the ‘pexmon’ model
(Nandra et al. 2007) available in XSPEC (Arnaud 1996). The ad-
vantage of this model is that it self-consistently adds the Fe Kα, Fe
Kβ, Ni Kα lines and the Fe Kα Compton shoulder to the reflec-
tion continuum accounting for how the strengths of these features
depend on Γ, the inclination angle and the metal abundances. The
origin of the distant reflector in AGNs is not understood, but may
be connected to the pc-scale obscuring material (this is discussed
further in Sect. 4.3). In that case, the inclination angle of the reflec-
tor could vary widely between Type 1 and 2 AGNs. To account for
this, an angle-averaged reflection spectrum (running from 5 deg to
85 deg in steps of 5 deg) was constructed for every Γ and Ecut.
This angle-averaged reflection spectrum is then added to each
power-law prior to the performing the Gaussian average (the results
do not significantly change if the reflection spectra are Gaussian av-
eraged and then added to the averaged power-law spectrum). The
R parameter is traditionally used to measure the reflection strength
in an AGN spectrum. However, its value only has physical mean-
ing for the case of an isotropic source above a disc. Alternatively,
the reflection strength can be investigated by specifying the Fe Kα
EW, and varying the iron abundance (AFe, whereAFe = 1 for Solar
abundances). In this manner, an interesting physical property (the
Fe abundance of the distant reflector) can be investigated. Spectral
models are constructed with the Fe Kα EW set in one of two ways:
a constant value of 70 eV, or following the Chandra-derived X-ray
Baldwin effect: log EW = 1.64 − 0.11(log L − 44) (Shu et al.
2010, 2012). The Baldwin effect is measured as a function of 2–
10 keV luminosity, but is nearly identical for the 15–55 keV lumi-
nosities employed here. The Anders & Grevesse (1989) abundance
set is used throughout this study, and only AFe is varied 1.
It is expected that most AGNs also exhibit a disc reflection
component including a relativistically broadened Fe Kα line (e.g.,
Nandra et al. 2007). This reflector will contribute to the overall re-
flection spectrum and therefore may impact the derived strength
of the distant reflector. The disc reflection component is inves-
tigated with a relativistically blurred ‘pexmon’ model. The ‘ker-
rconv’ model (Brenneman & Reynolds 2006) is used to blur the
reflection spectrum, assuming a black hole spin of 0.998, and a
disk that is illuminated from rISCO to 400 rISCO with an emis-
sivity index of 3 (ISCO=innermost stable circular orbit). For sim-
plicity, both the ‘kerrconv’ and ‘pexmon’ models have a fixed in-
clination angle of 60 deg. As with the distant reflector, the disc
model is fixed to give a certain Fe Kα EW (relative to the power-
law; the narrow Fe Kα line is removed when adding the disc
spectrum). Since the average broad Fe Kα EW is observed to be
. 100 eV (e.g., Nandra et al. 2007; de la Calle Pe´rez et al. 2010;
Chaudhary et al. 2012; Patrick et al. 2012), disc reflectors are con-
sidered with a Fe Kα EW of either 54 eV (Ballantyne 2010) or
96 eV (Patrick et al. 2012). The disc model has the same AFe, Γ
and Ecut as the distant reflection and power-law models. As is seen
below, the addition of disc reflection at this level has a very small
1 The calculations were repeated with different abundance sets (e.g.,
Lodders 2003), a constant inclination angle (30 deg or 60 deg), and with
letting the abundance of all metals to be varied along with Fe. In all cases,
the same best fit spectral model is found (within the uncertainties) and the
qualitative results are unchanged.
impact on the fits to the LFs, so no further investigation of this
component is pursued.
In summary, the spectral model LE is constructed by adding
reflection spectra derived from the ‘pexmon’ model to a cutoff
power-law. All three components have the same Γ and Ecut. The
strengths of the reflection components are set by fixing the EW of
the Fe Kα lines to a specific value. The spectra are then Gaus-
sian averaged around a mean 〈Γ〉 and normalized to a specific
15–55 keV luminosity to give the final spectral model. In this
way, each LE is determined by 3 parameters: 〈Γ〉, Ecut and AFe.
The model is then used, along with the 15–55 keV LF, to predict
the LFs in the 0.5–2 keV, 2–10 keV, 3–20 keV and 14–195 keV
bands (Sect. 2.1). The parameters are varied with 〈Γ〉 = 1.7, . . . , 2
(steps of 0.05), Ecut = 50, . . . , 450 keV (steps of 10 keV), and
AFe = 0.15, . . . , 2 (steps of 0.05), and the model that best fits
the observed LFs is determined by calculating the joint χ2 (51
data points, 48 dof). A total of six different LE are considered en-
compassing all the permutations of the different reflection strengths
(including the presence or absence of the disc component). In addi-
tion, a LE with no reflection components is constructed to compare
against the other, more realistic models. All spectral models are de-
fined from 0.1 keV to 900 keV in 1000 logarithimically spaced
steps. With this binning the narrow Fe Kα line has a width (at the
base of the line) of 0.12 keV.
3 RESULTS
Here, we discuss the best fit average AGN spectral model at z ≈ 0
derived from fitting the local 0.5–2 keV, 2–10 keV, 3–20 keV and
14–195 keV LFs. The uncertainty on each parameter is calculated
using the 90% confidence level (C.L.) on the parameter of interest
(i.e., a ∆χ2 = +2.71 criterion). All χ2 are calculated using the
smallest error-bar on each data-point.
It is interesting to first consider the result for a spectral model
constructed just from cutoff power-laws (i.e., no distant or disc re-
flection). In this very idealized case, the best fit model is 〈Γ〉 = 1.7
and Ecut = 400 keV with χ2/dof = 144/49 = 2.94; a very poor
fit. Adding distant reflection to the model, with the Fe Kα line fol-
lowing the Baldwin effect, decreases χ2 by 53, with the addition of
one additional degree of freedom (AFe). Therefore, the presence of
distant reflection in the average AGN spectrum is highly significant
(F-test probability= 3× 10−6).
Turning to the six spectral models that incorporate distant and
(for four of them) disc reflection, the best fit (χ2/dof= 80.5/48 =
1.68) to the four LFs is found for the model with a constant narrow
Fe Kα EW= 70 eV (i.e., no Baldwin effect), and weak (broad
Fe Kα EW= 54 eV) disc reflection. The best fit parameters are
〈Γ〉 = 1.85 ± 0.15, Ecut = 270
+170
−80 keV, and AFe = 0.3
+0.3
−0.15
(90% C.L.). The fit to the LFs is shown as the solid lines in Figure 2.
The presence of the disc reflection component is very marginal, and
removing it increases χ2 by 0.5, with the other parameters changing
within the error-bars. The presence of the Baldwin effect, however,
gives a ∆χ2 = +9.4, indicating that strong reflection is preferred
over a wide range of AGN luminosities (see Sect. 4.3).
The reduced χ2 of this fit (1.68) is relatively high and is,
strictly speaking, not an acceptable fit to the data. This is either
indicating that the spectral model is not correct or that some of
the error-bars in the LFs are underestimated. The χ2 of the model
when fit to the individual LFs are indicated in the panels of Fig. 2,
and shows that the largest contributions to the joint χ2 are from the
0.5–2 keV and 2–10 keV LFs. Many of the points that make up the
c© 2013 RAS, MNRAS 000, 1–11
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Figure 2. The solid lines plot the X-ray LFs as predicted from the best fit spectral model: no X-ray Baldwin effect, disc Fe Kα EW= 54 eV, 〈Γ〉 = 1.85±0.15,
Ecut = 270
+170
−80
keV, and AFe = 0.3+0.3
−0.15
(90% C.L.). The joint reduced χ2 of this fit is 1.68. The χ2 of the individual LFs are indicated in the panels. The
presence of disc reflection makes only a minor improvement to the fit, but the addition of the Baldwin effect results in ∆χ2 = +9.4. The data points are from
Hasinger et al. (2005) (0.5–2 keV), Ueda et al. (2011) (2–10 keV; solid points), Shinozaki et al. (2006) (2–10 keV; open points), Sazonov & Revnivtsev (2004)
(3–20 keV), and Tueller et al. (2008) (14–195 keV). In the 0.5–2 keV band, the Type 1 LF is predicted using the f2–L relation (eq. 2) and the Burlon et al.
(2011) NH distribution to isolate the fraction of AGNs with logNH 6 21.5 (Hasinger 2008). The dashed lines show the best-fit 2–10 keV LF obtained
by ignoring the other 3 bands (χ2
red
(2− 10 keV) = 0.7; χ2
red
(Joint) = 33; no Baldwin effect, disc Fe Kα EW= 54 eV, 〈Γ〉 = 2, Ecut = 260 keV,
AFe = 0.65). The 2–10 keV number counts predicted by both 2–10 keV LFs are shown in Fig. 6.
0.5–2 keV LF have small error-bars and show slight offsets from
the power-law shape of the reference LF. Changes to how f2 is
calculated (e.g., using eq. 5 of Burlon et al. 2011) or the NH distri-
bution makes a negligible difference to χ2 in this band. Any addi-
tional spectral components such as a warm absorber or a soft excess
would be unable to account for these wiggles in the LF without sig-
nificant fine-tuning. Therefore, the large χ2 found in the 0.5–2 keV
band is a result of small error-bars and peculiar shape of this LF.
In contrast, the relatively high χ2 in the 2–10 keV band is simply
a result of the fact that the shape of the observed LFs is incompat-
ible with the other three bands. To illustrate this, the dashed lines
in Fig. 2 show the predicted LFs when only the 2–10 keV LF was
used to constrain the model. While the fit to the 2–10 keV LF is
excellent (reduced χ2 = 0.67), the joint reduced χ2 = 33. The
implications of the new 2–10 keV LF fit is discussed in Sect. 4.2.
Returning to the best fit spectral parameters, Figure 3 plots the
68%, 90% and 95% confidence contours (computed for two param-
eters of interest) in the Ecut-〈Γ〉 and AFe-〈Γ〉 planes. The contours
indicate that the tightest constraints are onAFe which is constrained
to be sub-solar at the 90% C.L. for any value of 〈Γ〉. As the narrow
Fe Kα EW was fixed at 70 eV, this is indicating the presence of
strong reflection in the average spectrum. As 〈Γ〉 becomes harder,
than the reflection can weaken, and the contours shift upward in
the plot. In contrast, the limits on Ecut are relatively wide, which is
not surprising given that the 14–195 keV band provides only weak
constraints on this parameter.
It is interesting to consider what information in the LFs drives
the fit of the spectral shape. To answer this question, all the calcula-
tions were repeated omitting the 0.5–2 keV LF from the χ2 fitting
and then repeated again with the 3–20 keV LF omitted and the
c© 2013 RAS, MNRAS 000, 1–11
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Figure 3. The 68% (solid), 90% (dotted) and 95% (dashed) confidence contours (computed for two parameters of interest) on the spectral model that gives the
best joint fit to the multi-band LFs (Fig. 2). The contours are plotted in the Ecut–〈Γ〉 (left panel) and AFe–〈Γ〉 (right panel) planes. The plus signs indicate
the location of the best-fit parameters (〈Γ〉 = 1.85, AFe = 0.3 and Ecut = 270 keV).
0.5–2 keV LF reinstated. As these datasets have the smallest error-
bars they carry the most power in constraining the model. We find
that the 0.5–2 keV LF is crucial to determining 〈Γ〉. This energy
band carries little to no information on the reflection strength or the
high-energy cutoff, but strongly disfavours 〈Γ〉 > 1.95 (Fig. 3).
Not surprisingly, the 3–20 keV LF is most important in constrain-
ing the reflection strength as measured by AFe. Once this LF was
included, the limits on AFe improved significantly, which, as seen
in Fig. 3, affects the values of 〈Γ〉 and Ecut.
4 DISCUSSION
4.1 The average spectrum of local AGNs
The result of our experiment is shown in Figure 4 – an average
AGN spectrum that is entirely consistent with the z ≈ 0 LFs span-
ning from 0.5 to 195 keV. The derived 〈Γ〉 = 1.85 ± 0.15 is con-
sistent with many previous measurements of the mean spectral in-
dex from a variety of recent samples (e.g., Shemmer et al. 2006;
Molina et al. 2009; Burlon et al. 2011; Brightman & Nandra 2011;
Ricci et al. 2011; Rivers et al. 2013; Vasudevan et al. 2013a,b), but
is marginally inconsistent with some others (Scott et al. 2011;
de Rosa et al. 2012; Molina et al. 2013). The inconsistent values
are found from analyses that did not include reflection, were deal-
ing with non-simultaneous observations, or had low count rate data.
Previous constraints on the mean value of Ecut are poor with
values ranging from ∼ 110 keV to ∼ 300 keV (e.g., Molina et al.
2009; Ricci et al. 2011). The value derived here (270+170
−80 keV) is
largely consistent with these measurements. Assuming a corona
with τ . 1, this value implies that the average AGN corona tem-
perature is kT ≈ 135+85
−40 keV, consistent with prior measurements
(Zdziarski et al. 2000; Molina et al. 2009).
The third parameter determined by our procedure is the rel-
ative abundance of Fe in the distant reflector, AFe = 0.3+0.3
−0.15 .
The implication of this value for models of the distant reflector is
discussed below (Sect. 4.3), but the reason AFe is driven to low val-
ues is to produce a strong Compton reflection hump at high ener-
gies (recall that our procedure fixes the Fe Kα EW). Previous mea-
surements of the reflection strength all involve the R parameter. To
compare with the previous results, the fitting procedure was re-run
Figure 4. The average X-ray spectrum of local AGNs as found from fitting
the local multi-band X-ray LFs (Fig. 2). The spectral model consists of a
Gaussian distribution of power-laws with mean photon index 〈Γ〉, disper-
sion σΓ = 0.3, and high energy cutoff Ecut. A reflection spectrum with
the same Γ distribution and Ecut was calculated from angle-averaged ‘pex-
mon’ models (Nandra et al. 2007) and added to the primary power-law so
that the Fe Kα EW= 70 eV (Shu et al. 2010). Relativistically blurred disc
reflection is added so that the broad Fe Kα EW= 54 eV (Ballantyne 2010).
with R as a variable and AFe = 1 (the accretion disc reflector was
omitted for this run). A good fit was obtained (reduced χ2 = 1.63;
∆χ2 = −2.08 compared to the model with variable AFe) with
R = 1.7+1.7
−0.85 (90% C.L.), indicating that, indeed, the average re-
flection strength seems to be large (the values of 〈Γ〉 and Ecut ob-
tained in this fit are 1.85 and 220 keV). This value ofR is consistent
with earlier measurements (e.g., Molina et al. 2009; Burlon et al.
2011; Vasudevan et al. 2013a,b, but see also Rivers et al. 2013).
Vasudevan et al. (2013b) recently presented the stacked spec-
trum of a complete sample of 95 Swift-BAT-selected local AGNs
in the Northern Galactic Cap. As the individual spectra were not
corrected for absorption, the resulting sum had the characteristic
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Figure 5. The red lines plot the stacked spectra of 96 Swift-BAT selected
local AGNs (Vasudevan et al. 2013b) (solid=all AGNs; dashed=AGNs with
22 < logNH < 24; dotted=AGNs with logNH < 22). The black lines
shows the result of summing the derived local AGNs average spectrum
(Fig. 4) over the Ajello et al. (2012) LF while including the absorption dis-
tribution. To better compare the shapes of the two spectra, the models were
scaled so that the total intensity (solid lines) were equal at ≈ 5 keV. The
2–10 keV slope of the predicted spectrum is Γ = 1.44, very similar to
the observed slope. The contributions from unobscured and Compton-thin
obscured AGNs are in good agreement; however, the stacked spectra show
stronger reflection in obscured AGNs and moderately weaker reflection in
the unobscured AGNs.
2–10 keV Γ ≈ 1.4 power-law of the XRB spectrum. If the av-
erage z ≈ 0 AGN spectrum of Fig. 4 is accurate, then summing
this spectrum over the Ajello et al. (2012) LF [while including the
Burlon et al. (2011) NH distribution and the f2–L relation (Fig. 1)]
should yield a similar result. Figure 5 shows the result of this ex-
periment where the model was scaled so that the two integrated
spectra (solid lines; the Vasudevan et al. (2013b) result is in red)
are normalized to be the same at an energy of ≈ 5 keV. In general,
the two spectral shapes are in good agreement (the predicted spec-
trum has Γ = 1.44 in the 2–10 keV band), with the stacked Swift-
BAT sources showing a more pronounced hard X-ray hump. The
reason for this is found by examining the dotted and dashed lines
which plot the contributions from unobscured (logNH < 22) and
Compton-thin obscured sources (i.e., 22 < logNH < 24). Here,
one can see that the stacked Compton-thin AGNs show a stronger
reflection hump than predicted while the unobscured AGNs present
a slightly weaker hump, however, the measuredR values agree with
the model one within the errors (Vasudevan et al. 2013b). Interest-
ingly, the contributions from obscured and unobscured AGNs agree
very well (these lines were not individually adjusted – all three
black curves were moved by the same factor to normalize the total)
indicating that the Northern Galactic Cap sources well sample the
Burlon et al. (2011) NH distribution. All in all, the agreement of
the two spectral shapes seen in Fig. 5 supports the accuracy of our
derived spectrum and the effectiveness of the LF-fitting procedure.
4.1.1 Implications for fitting the XRB spectrum
The value of 〈Γ〉 measured here is consistent with the typical value
of 1.9 used by XRB models (e.g., Gilli et al. 2007; Treister et al.
2009; Ballantyne et al. 2011). Similarly, the derived Ecut is also
close to the values (200–300 keV) used in XRB synthesis mod-
els. In contrast, there is more variation on the assumption made
for the reflection strength: Gilli et al. (2007) and Ballantyne et al.
(2011) assume R ≈ 1 and AFe = 1, but with the reflection
strength dropping off with luminosity; alternatively, Treister et al.
(2009) use R = 1 and AFe = 2 at all L. This last spectrum
has a strong reflection hump and is most similar to the average
spectrum measured here. When fitting the XRB spectrum, one
must also deal with uncertainties in the evolution of the X-ray
LF (Draper & Ballantyne 2009), the Compton-thick fraction (and
its possible evolution; Draper & Ballantyne 2010), and the absorp-
tion distribution. These factors, combined with the degeneracies in-
volved in fitting the spectrum (Akylas et al. 2012), means the XRB
spectrum can still be fit with an average spectral shape within the
measured uncertainties we derived for 〈Γ〉, Ecut and AFe.
4.2 The 2–10 keV AGN luminosity function
As indicated above, the best multi-band fit to the LFs resulted in a
2–10 keV LF that is not a good representation of the ones measured
by HEAO-1 and MAXI. Indeed, as seen in Figure 2, a good fit to the
2–10 keV LF data results in a very poor fit to the 0.5–2 keV and
3–20 keV LFs. Therefore, it appears that the measured local AGN
2–10 keV LF is incompatible with the shape of the LFs determined
by Swift-BAT, RXTE and ROSAT.
As this is a surprising result, the 2–10 keV AGN number
counts were calculated using the two predicted LFs and spectral
models. As these are local LFs, the number counts were only com-
puted for relative bright fluxes. Figure 6 compares the predicted
counts to measurements from HEAO-1 (Piccinotti et al. 1982), the
XMM-Newton Slew Survey (an extragalactic sample that is ≈ 20–
25% galaxies; Warwick, Saxton & Read 2012), and follow-up sur-
veys of Swift-BAT sources (Winter et al. 2009; Vasudevan et al.
2013a). Apart from the HEAO-1 point, all these data are entirely
independent from those used in the LF fitting and therefore pro-
vides a test of the veracity of the predicted LFs. Fig. 6 shows that
the LF found from fitting only the 2–10 keV band overpredicts the
measured number counts at all fluxes. In contrast, the LF deter-
mined from the multi-band fit underpredicts the counts from the
XMM-Newton Slew Survey. To determine if an overprediction or
underprediction is more likely, we computed the 15–55 keV counts
from the adopted 15–55 keV LF (Fig. 7). As the data that com-
prise the observed 15–55 keV counts were used to measure the LF,
the predicted number counts should closely match the observations.
Figure 7 shows that the model number counts slightly underpre-
dict the observations, most likely a result of omitting any evolution
of the LF and halting the integration at z = 0.2. Therefore, the
predicted 2–10 keV number counts will also be slightly underesti-
mated, which indicates that the model from the multi-band LF fit
best describes the observed number counts in the 2–10 keV band.
The level of correction implied by Figure 7 will not be enough for
the model to exactly match the XMM-Newton Slew Survey data, but
these data include a non-negligible fraction of galaxies, and the na-
ture of the slew survey made identification of counterparts difficult
at low fluxes (Warwick et al. 2012). Therefore, the measured num-
ber counts from this experiment are likely to be slightly too large,
especially at low fluxes. Finally, we note that the multi-band fit does
overpredict many of the datapoints from Winter et al. (2009) and
Vasudevan et al. (2013a), but no error-bars are reported for these
measurements, so the degree of mismatch is hard to estimate.
The number counts support the finding that the observed 2–
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Figure 6. The solid line plots the 2–10 keV number count predicted by
the AGN spectral model derived from the multi-band LF fit, while the
dotted line shows the predictions using a spectral model that best fits
the local 2–10 keV LF (Fig. 2). The data points are taken from an ex-
tragalactic sample from the XMM-Newton Slew Survey (solid triangles;
≈ 80% AGNs; Warwick et al. 2012), the HEAO-1 AGN sample (open cir-
cle; Piccinotti et al. 1982), and follow-up surveys of Swift-BAT selected
sources (open squares and stars; Winter et al. 2009 and Vasudevan et al.
2013a, respectively).
10 keV LFs reported by HEAO-1 and MAXI are incompatible with
the shape of the LFs in other energy bands. Fig. 2 shows that the
shapes disagree both at the high and low luminosity ends. The high
luminosity end is most likely contaminated by AGNs at z > 0.1
that were included in the ‘local’ sample — the inclusion of these
objects would push up the high luminosity end of the LF due to
the luminosity evolution of the LF at z & 0.1 (e.g., Ajello et al.
2012). It is less clear what is causing the overprediction at the low-
luminosity end, but it may be related to the small number of AGNs
in both samples used to construct the LF. Recall from Sect. 2 that
out of the five LFs used here, the 2–10 keV LF measurements were
constructed from samples of AGN around half the size of those
used in the other bands2.
A revision to the local 2–10 keV LF will have important impli-
cations in understanding the evolution of AGNs, as it will change
the zero-point for all determinations of the evolving LF. To illus-
trate this, Figure 8 compares the 2–10 keV LF determined by the
multi-band fitting (thick black line) to the the z = 0 LFs pre-
dicted by several evolving AGN LFs from the literature (coloured
lines). For reference, the figure also shows the observed 2–10 keV
LF as the grey data. This plot clearly shows that every other LF
2 Since the measured HEAO-1 and MAXI 2–10 keV LFs are likely affected
by the luminosity evolution of the true local LF, we repeated the spectral
fitting without the 2–10 keV LFs in order to assess the impact of evolution
on the derived average spectral shape. The resulting best fit spectral model
was completely consistent with the one shown in Fig. 4, indicating that LF
evolution does not impact the derived average AGN spectrum.
Figure 7. The solid line plots the 15–55 keV number count predicted by
the AGN spectral model derived from the multi-band LF fit (Fig. 2). The
data points are taken from the 60 month Swift-BAT survey (black points;
Ajello et al. 2012), the INTEGRAL measurements by Krivonos et al. (2010)
(red crosses; converted to the 15–55 keV band by Ajello et al. 2012). Al-
though we use the 15–55 keV LF described by Ajello et al. (2012), the
number counts are slightly underpredicted due to omitting the evolution of
the LF. Therefore, the predicted 2–10 keV LF shown in figure 6 will also
be slightly below its true value.
(except for the LADE model of Aird et al. 2010) closely follows
the observed 2–10 keV LF, especially at the high luminosity end,
and is therefore incompatible with the measured LFs at all other
bands. The lone exception is the de-evolved z = 0 LF estimated by
Della Ceca et al. (2008) from the XMM-Newton Hard Bright Sur-
vey (black stars) which, although dependent on the model used to
de-evolve the LF, is consistent with the multi-band fit at high and
low luminosities. It is crucial that the evolution of the AGN LF in
the 2–10 keV band be recomputed using the z = 0 LF reported
here (see Table 1) as the zero-point. Once this is done XRB syn-
thesis models will need to be updated in order to revise predictions
of the Compton-thick space density at high-z (e.g., Treister et al.
2009; Ballantyne et al. 2011; Akylas et al. 2012).
4.3 Constraints on the distant reflector
Our procedure also provided interesting constraints on the distant
reflector. First, the fits preferred that the reflection strength remain
constant as a function of AGN luminosity (e.g., Vasudevan et al.
2013b); that is, the presence of a X-ray Baldwin effect was not
required. The strength of any X-ray Baldwin effect has been the
source of debate for several years, as it requires precise observa-
tions over a wide range of luminosities and being able to control
for variability. If present, it might be connected to the obscuring
material around the AGN, as Ricci et al. (2013) recently showed
that the observed decrease in f2 with luminosity could give rise to
a Baldwin effect of the right slope. The fact that no Baldwin effect
is preferred in the LF fits would indicate that the distant reflector
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Figure 8. Comparison of the local (z ≈ 0) 2–10 keV AGN LF de-
termined by the multi-band fit (black solid line) with the LFs published
by Ueda et al. (2003), La Franca et al. (2005), Silverman et al. (2008) and
Aird et al. (2010) (coloured lines). The black stars plot the de-evolved
z = 0 LF estimated by Della Ceca et al. (2008) from the XMM-Newton
Hard Bright Survey. The grey data points are the same as those plotted in
Fig. 2. The dotted black line plots the best 2–10 keV LF obtained by our
procedure when ignoring the fits to the other three LFs (see also Fig. 2).
The 2–10 keV LF obtained by our multi-band approach is strikingly dif-
ferent than the other measurements except for the Della Ceca et al. (2008)
estimate.
is not associated with the obscuring material, but arises from an-
other source that is common to AGNs of all luminosity, such as
the outer regions of the accretion disk or broad-line region clouds
(Petrucci et al. 2002; Nandra 2006; Bianchi et al. 2008). Another
intriguing possibility is that the distant reflector is associated with
the mid-infrared (12 µm) emitter that appears to be independent
of the X-ray luminosity and AGN classification (Horst et al. 2008;
Gandhi et al. 2009; Ho¨nig et al. 2010). Its is also important to re-
member that both the evidence for and against the X-ray Baldwin
effect is concentrated at 2–10 keV luminosities . 1044 erg s−1;
it is still unknown precisely how the reflection strength behaves at
larger luminosities.
The average spectrum derived in Sect. 3 strongly indicates that
the distant reflector has a sub-solar Fe abundance. Again, the rea-
son the fit was driven to this result was to simultaneously satisfy the
constraints of strong reflection and a Fe Kα EW of 70 eV. Indeed,
the best fitting spectral model that used theR parameter (and found
R = 1.7) predicts a narrow Fe Kα EW of 216 eV, much larger than
the typical observed values (e.g., Shu et al. 2010). However, a sub-
solar Fe abundance in the nuclear environment of AGN host galax-
ies is problematic, as there is a wealth of evidence that metallicity
increases to super-solar abundances in the AGN environment (e.g.,
Nagao, Marconi & Maiolino 2006 and references therein). There-
fore, it is highly unlikely that the abundance AFe = 0.3 found
by this procedure is pointing to the true iron abundance. Changing
the abundance set to the Lodders (2003) measurement that has a
smaller iron abundance does not alter the derived AFe. Part of the
Table 1. The 2–10 keV LF of z ∼ 0 AGNs as determined by the multi-band
fit (dark solid line in Fig. 8).
logL2−10 keV log(dΦ/d logL)
(h−2
70
erg s−1) (h3
70
Mpc−3)
41.30 −3.35
41.56 −3.54
41.82 −3.73
42.08 −3.91
42.34 −4.11
42.60 −4.30
42.86 −4.51
43.12 −4.76
43.38 −5.07
43.64 −5.47
43.90 −5.98
44.16 −6.54
44.42 −7.14
44.68 −7.75
44.94 −8.36
45.20 −8.98
45.46 −9.59
45.72 −10.21
45.98 −10.82
46.24 −11.44
46.50 −12.06
46.76 −12.67
47.02 −13.29
47.28 −13.90
47.54 −14.52
47.80 −15.14
problem may be the geometric assumptions built into the ‘pexmon’
model, as the Compton backscattered and associated line emission
are based on an infinitely thick disk geometry. Repeating this exper-
iment with a neutral reflection model that can handle a wider range
of geometries (e.g., MYTorus; Yaqoob 2012) would be able to test
this assertion, with the limitation of introducing additional free pa-
rameters. Alternatively, the low value of AFe may indicate that the
reflecting medium is dusty. Gas-phase iron is heavily depleted onto
grains in dusty gas, but the iron in the grains can still produce Fe Kα
emission (e.g., Ferland et al. 2013). In this scenario, the EW of the
line would depend on the details of the gas-grain mixture as well as
geometry, so further investigation of this idea will be the subject of
future work. However, this explanation for the value of AFe would
support the association of the distant reflector with the 12 µm emit-
ter.
5 CONCLUSIONS
This paper presents a measurement of the properties of the average
z ≈ 0 AGN spectrum between 0.5 and 200 keV by simultane-
ously fitting the measured AGN LFs in the 0.5–2 keV, 2–10 keV,
3–20 keV and 14–195 keV bands. The 15–55 keV LF measured
by Swift-BAT (Ajello et al. 2012) is used as the best determination
of the true z ≈ 0 LF and the spectral shape was varied to find the
best fit to the other four bands. The spectral parameters constrained
were the mean photon index of AGNs, 〈Γ〉, the cutoff energy of the
power-law, Ecut, and the strength of the distant reflector as param-
eterised by its iron abundance, AFe. The luminosity dependence of
the LFs also allowed a test for the presence of the X-ray Baldwin
effect. The principle findings of this study are:
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• The best fitting mean AGN spectral model has 〈Γ〉 = 1.85 ±
0.15, Ecut = 270
+170
−80 keV, and AFe = 0.3
+0.3
−0.15 (90% C.L.).
The low iron abundance indicates the need for strong reflection
in the average spectrum given the assumed Fe Kα EW. The re-
flection strength is equivalent to R = 1.7+1.7
−0.85 (90% C.L.). The
absence of the X-ray Baldwin effect is mildly preferred by the fit
(∆χ2 = +9.4 when the effect is included). These values are con-
sistent with most previous measurements of the average AGN spec-
trum.
• The shape of the local 2–10 keV AGN LF as measured by
HEAO-1 and MAXI is incompatible with LFs measured by Swift-
BAT and other instruments. This is likely due to the inclusion of
higher z sources in the sample and the small size of the samples. As
a result, the evolving 2–10 keV AGN LFs used in XRB modeling
need to be revised. The 2–10 keV LF predicted by our procedure
is provided in Table 1 and is consistent with the LFs measured in
the other bands. This new LF should be used as the zero-point for
determining the evolution of the AGN LF in the 2–10 keV band.
• The procedure indicates that strong distant reflection is pre-
ferred in local AGNs of all luminosities. That is, we found no evi-
dence of a X-ray Baldwin effect. This result implies that the distant
reflector is not associated with the AGN obscuration zone, which
does evolve strongly with luminosity. The sub-solar iron abundance
may be a result of the assumed disc geometry employed by ‘pex-
mon’, but may also be indicating that the Fe Kα line is emitted
by dust grains. If this is the case then the distant reflector must lie
outside the dust sublimation zone and may be plausibly associated
with the 12 µm emitter that is observed to be correlated with the
X-ray luminosity of all AGNs.
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